As highway systems become more congested, it becomes increasingly important to understand the reliability with which we can estimate important performance measures such as volume to capacity ratios, particularly as we move toward leveraging field infrastructure to obtain real-time performance measures. In 1947, Greenshields wrote a paper that characterized "green time consumed" by "car-in-line-number" that ultimately was called headway. Average headway is one of principles used by the highway capacity manual to estimate saturation flow rate at signalized intersections. However, the current analytical techniques calculate a deterministic value for saturation flow rate that does not consider the stochastic variation of saturation flow rate. This paper reviews techniques used to estimate saturation flow rate, and proposes enhanced calculation methods to group saturation flow rate estimates by queue length. Grouping saturation flow rate estimates by queue length provides a convenient framework to evaluate saturation flow rate reliability.
INTRODUCTION
In 1947, Greenshields conducted an extensive study of the behavior of vehicles at signalized intersections [1] . In this work film footage of traffic was combined with a transparency grid to analyze vehicle headways at intersections in Connecticut. Among many other observations this work characterized "green time consumed" by "car-in-line-number" (see Figure 1 ). He also noted that for the sixth vehicle and beyond, the mean green time consumed was approximately 2.1 seconds. This "green time consumed" is analogous to what we now call "headway," which relates to the saturation flow rate by the following relationship:
where s is the saturation flow rate in vehicles per hour (vph) and ℎ � represents the average headway in seconds. Saturation flow rate is a crucial input to the HCM [2, 3, 1] equations for a variety of capacity calculations.
In the area of signalized intersections, Eq. 2 is the basic equation for calculating the capacity of a single lane:
Here, c is the saturated capacity in vph, g is the effective green time in seconds, and C is the signal cycle length in seconds.
The ratio of the demand volume to the capacity calculated in Eq. 2 is used to calculate the degree of saturation X i for a movement using Eq. 3:
Eq. 3
where v is the demand flow rate in vph.
As X i increases, the probability that a split failure occurs also increases [6, 7] . A split failure can be defined as an instance where not all of the demand for a movement is served by the green time given to a phase. All of the quantities in Eq. 3 can be measured with automatic data collection [6, 7, 8] , with the exception of saturation flow rate, s. From Eq. 3, it is clear that the selected value of s has a profound impact on the reported degree of saturation. The factor scales the metric, and relative differences in s among phases at an intersection will strongly affect the relative reported performance of those phases. The Highway Capacity Manual has detailed procedures for estimating saturation flow rate that have matured over the years [3, 4, 1] Several methods for directly measuring saturation flow rates in the field have also been developed. These include use of observed headways [9, 10, 11, 12, 13] , regression analysis based on other observable quantities [15, 16] , analysis of vehicle counts during saturated green [17] , and models of driver behavior [18] . As a result of continued research and observations, saturation flows have gradually increased over the years. Saturation flows have additionally been shown to vary considerably by location and other factors [19, 20, 21, 22] .
In practice, however, field measurement of saturation flow rates is not typically done because of the considerable amount of equipment and labor required. The HCM [1] provides a methodology for determining s incorporating lane width, heavy vehicle proportion, grade, area, turning movement proportions, and other factors to estimate saturation flow rate for lanes. However, it is silent on the stochastic variation of this quantity over time. As a result of this uncertainty in saturation flow, as intersections movements approach saturation it is unclear how effectively Eq. 3 predicts when oversaturation and split failure will occur. Impacts of uncertainty in parameters such as saturation flow rate have been shown to substantially impact the ability of the analyst to accurately describe system performance [23] .
As real time intersection performance measures mature, it is critical to develop scalable procedures to directly estimate saturation flow rate from field equipment instead of relying on HCM estimation techniques or field procedures. With high-resolution data collection, it now becomes possible to begin developing automated procedures for measuring saturation flow rates to validate assumptions used in performance measurement [6, 7] .
PROBLEM STATEMENT
This paper seeks to use modern high-resolution intersection data collection techniques and technology to collect headway statistics similar to Greenshields' procedure, as well as a variation on those data collection techniques that may provide a more robust indicator of true saturation flow rates and their stochastic variation.
METHODOLOGY
Greenshields' approach to measure headways employed substantial field photography.
Recently, traffic technologies have evolved to the point where a semi-automated process has been established to gather and interpret large quantities of data at an intersection [6, 7, 8] .
Using three intersections in an Indianapolis study corridor ( Figure 2 ) vehicle departure times were measured to capture data necessary to characterize the statistical distribution of departure headways under saturated conditions [11] . Wireless magnetometers were installed at the exiting approach of each of the three intersections. Figure 2a , b, and c show that there are magnetometers placed in two lanes in the eastbound direction (01-EA, 01-1b, 02-EA, 02-EB, 03-EA, and 03-EB) and in a single lane in the westbound direction (01-WA, 02-WA, and 03-WA). The wireless magnetometers were placed approximately 200 feet from the corresponding stop bar, the exact distances and intersection IDs are listed in Table 1 .Pan-Tilt-Zoom (PTZ) cameras were also installed at each of the intersections along the corridor and used to count the number of cars in queue at the start of green. Figure 3a and b show an example of the camera at the Post Road intersection facing the eastbound stopbar.
The data were recorded over a two-day period on July 7 th and 8 th of 2011. Since the goal of the study was to capture saturated conditions at the intersections, the cameras monitored the westbound approaches during the AM period and the eastbound approaches for the PM periods. The location of the corridor is just on the east side of Indianapolis, so this corresponds with vehicles travelling to and from the downtown area. Using the wireless magnetometer data, the peak three hour periods (AM Peak 0700 -1000, PM Peak 1600 -1900) were determined and used to evaluate the saturation conditions. The videos were then manually processed over these periods and used to determine the beginning of green time and the number of vehicles in the queue that came to a complete stop. Once the beginning of green times and number of vehicles were determined, the wireless magnetometer data was queried to find the headway between the vehicles that had been counted. Vehicles were only included if they had come to a complete stop at the intersection.
An example of the process is shown in Figure 3a where 9 cars can be seen queued at the eastbound stopbar of Pendleton Pike at Post Road. The start of green time was manually recorded when the first vehicle began to move through the intersection. The wireless magnetometers, placed at the other side of the intersection recorded the exiting times, which were used to determine headway. Figure 3b shows the headway between vehicle numbers 3 and 4, where the beginning of the platoon dispersion can be observed. Figure 4 shows the headway distributions of consecutive cars during saturated conditions at the study corridor. Due to a technical problem, the electronic log of the start of green time to the nearest 0.1 second was not recorded (this issue has since been resolved and can be included in revised manuscript if requested). The sample sizes are shown for each of the headway bins.
ESTIMATION OF SATURATION FLOW RATE
As one would expect, the sample size for headways between veh 1 and veh 2 in the queue (Figure 4a : n=690) is larger than the sample size for the headways between veh 8 and 9 in the queue (Figure 4h : n=223). These distributions were then used to construct Figure 5a , which is similar plot to Greenshields' study seen in Figure 1a . Instead of using the standard deviation for the range bars as Greenshields used, the 25 th and 75 th percentile headways were plotted to accompany the median. The numerical representations of these figures, along with the sample sizes, means, and standard deviations can be seen in Table 2 . Not surprisingly, comparing Figure 5a and Figure 1a , the headways are significantly lower in this study than in Greenshields' 1947 study. This is consistent with observations by the highway capacity community [3, 4, 1] .
To the impact how the stochastic headway impacts estimates of saturation flow rate, Figure 5b illustrates the 25 th , median, and 75 th percentile saturated flow rates in vehicles per hour calculated from the data set shown in Figure 4 . The median saturated flow rates remained relatively consistent across all of the vehicles in the queue, approaching 2000 vehicles per hour.
NEW PERSPECTIVE ON ESTIMATING SATURATION FLOW RATE AND RELIABITY
Instead of viewing the headways from consecutive vehicles (1-2, 2-3, 3-4, etc.), a better approximation of how vehicles are reacting as a whole can be characterized by looking at the headways with vehicle 1 as the baseline (1-2, 1-3, 1-4, etc.). Figure 6 plots the histogram of headways between the first vehicle and the n th vehicle. The Figure 6a histogram is clustered around 2 seconds, because it corresponds to the headway between two successive vehicles.
The Figure 6h histogram is clustered around 16s, because it corresponds to the headway between the 1 st and 9 th vehicle.
Using the distributions from Figure 6 , the 25 th , median, and 75 th percentile headway times were used to construct Figure 7 to assess reliability changes as the length of the starting queue increased. Figure 7 presents this headway distribution with vehicle 1 as the baseline. The numerical data along with the statistical summary of Figure 7 can be seen in Table 3 .
Using the non-consecutive vehicle headways shown in Table 3 , an average headway can be determined for each vehicle in queue. This means that if there are a specific number of cars in a queue, the average headway between those cars can be determined. Figure 8ashows the data from Figure 7 normalized by the number of headways and Figure 8b show the data from Figure  8a , converted to saturation flow rate using Eq 1. 
CONCLUSIONS
As highway systems become more congested, it becomes increasingly important to understand the reliability with which we can estimate capacity and hence predict when congestion will occur. This requires us to understand the stochastic variation of parameters and variables in Eq. 3. This paper has reviewed techniques used to estimate saturation flow rate, and proposed slightly enhanced methods to calculate saturation flow rate and saturation flow rate reliability that can be performed using modern traffic signal control equipment and instrumentation [8, 24] . When one compares saturation flow rate estimates using legacy techniques (Figure 4 ), interquartile range shows little change as the number of cars in queue changes (Figure 5b) . However, when one estimates saturation flow rate as a function of the number of vehicle in queue ( Figure 6 ) the inter-quartile range of saturation flow rate appears to monotonically decrease for queue lengths up to 10 cars (Figure 8b ).
We believe documenting this stochastic variation in saturation flow rate will be important to practitioners and agencies for assessing the reliability of their capacity analysis calculations.
FUTURE RESEARCH
Work is underway assemble a larger data set with queues that extend up to 20 vehicles to extend the curves shown in Figure 8 and statistically quantify the impact that weather and lighting conditions have on saturation flow rate.
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